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ARTICLEINFO ABSTRACT 

Keywords: The mining sector generates a considerable amount of waste stone and tailings, which constitute a 

Industrial waste Prsubstantial hazard to the ecology. The most prevalent method of disposing of these industrial 

2 bun "wastes is by dumping, which adds to soil deterioration and water contamination and also takes 
eopolymer 


up f? valuable land. Fortunately, it can be recycled in a variety of ways, including the promising 
Mechanical, durability, f? microstructure, and PPgeopolymerisation technique, which converts waste into value. This article discusses recent 
thermal properties PPadvances in the production of mine tailings-based geopolymers composites (MT-GPC) from 
Applications waste and frindustrial by-products as a potentially sustainable construction material. Besides, 
focusing on the ppfollowing P?aspects: economic and production perspective; environmental 
consequences and waste PPdisposal; physical and chemical properties; mechanical properties; 
durability properties; ? microstructure properties?; thermal properties; and potential applications 
of MT-GPC.P 


Economic and ecological perspective 


1. Introduction 


Mine tailings (MT) collect in tailings ponds and mine waste (MW) landfills, and the challenge of sustainable disposal of these 
wastes is becoming considerably more critical [1-7]. This is because the metallurgical and mining industries have increased their 
producing volumes, as well as the absence of rappropriate methods for disposing of the wastes generated by these industries, on one 
side. On the other side, it can be explained by the increasing stringency of ecological regulations in the f majority of wealthy countries 
throughout the world. Lead and mercury, radioactive materials, and other MT-related toxins fare actively released into the ecological 
as a result of the buildup of tailings [8-11], biota [12-19], polluting soils, air [20-25], and water [26-31], and causing cancer pin 
humans [32-40]. Waste from the preparation of food and feed contaminates contributes to pthe condemnation of valuable farmland 
pand natural landscapes? [32,41]. The functioning of tailing dams f rises the likelihood of man-made catastrophes occurring [18, 
42-49]. 
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Moreover, from the perspective of rational natural source management, MT should be pregarded as a mineral source that has been 
removed from the Earth's subsurface, has been Prelocated, and has been underused. The tailings may include trace amounts of target 
material, as well as previously unclaimed elements that can be restored with the use of more effective mining techniques f [42, 
50-54], which is one reason for this viewpoint. The chemical composition of MT, on the other hand, formation f predominantly of 
silicon, aluminium, and calcium oxides, with a content ranging from 6096 to 9096 [55]. As a result, tailings have the potential to serve 
as Pan alternative source of meeting a wide range of construction pand industry requirements [25,42,56—71 ]. 

A potential trend in the application of MT appears to be the utilization of MT as geopolymers (GPs) and precursors of alkali- 
activated (AA) materials or aggregates [72-79]. Geopolymers are materials composed mostly of amorphous sodium aluminum sili- 
cate hydrate [80,81]. They are primarily solids formed by the interaction of an alumino-silicate powder and an alkali sol [82,83]. 
According to [80], the geopolymer network is composed of AlO4 and SiO, tetrahedra connected by oxygen atoms [82]; the negative 
charge is balanced by positively charged ions (e.g., Ca?™, Nat, K*, and Li*) existing in the cavity framework. It is possible that uti- 
lization of MT as GPs approach will Pnot only slow down the accumulation of MT and lower the plevel of ecological contamination, but 
pit will also combine the advantages of GP technology associated with a lowering in ? carbon dioxide release into the environment, the 
potential of utilizing other forms of techniques f alumino-silicate? waste, and the versatility of GPs characteristics as a general-purpose 
construction adhesive? [84-89]. Lately, there has been a noticeable surge in awareness among a varied set of experts in the man- 
agement of tailings in standard practices?. Over a dozen publications have been published highlighting the efforts undertaken to 
improve our understanding of the geopolymerisation processes of tailings in order to regulate the characteristics of GPs for applications 
like pollutant removal [90-92], sustainable building [63,64,93-95], and other particular usage [63,94,96-105]. 

The MT are inhomogeneous and have a complex mineral, aggregate, and chemical component P?[55]. Moreover, comprising 
comparatively Plow quantities of useful components, MT includes dangerous and toxic substances that are associated with waste 
products or mining processing [75,77,106—-108]. All of these factors make it more difficult to manage MT directly in order to obtain 
GPs that meet ecological safety criteria in respect of impurity content while also achieving the essential complex functional charac- 
teristics for the manufactured product. 

As a result, resolving the issues associated with the utilization of MT-GPC is P extremely useful, both in terms of lessening the 
negative impact on the ecology or in terms of the probability of expanding the resources base of man-made Pmineral raw substances. 
Solving the issues associated with the utilization of MT-GPC is particularly useful. 

This review begins with a discussion of some of the physicochemical and ecological issues of the utilization of MT-GPC. MT-GPC 


Fig. 1. Advantages of utilization MT in geopolymers [55]. 
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are discussed in length in this paper, which is both a generalisation and a thorough investigation of the link between its structural, 
mechanical, and thermal capabilities, as well as its durability, and other substantial aspects. Apart from the useful features of the 
formation of the characteristics of MT-GPC, we discuss comprehensively the well-known cases of its utilization of promising 
applications.’ 


2. Economic and production perspective 


Among the characteristics of the mining sector are a substantial consumption of energy resources and materials?, a minimal rate of 
mining of technically and commercially useful metals (between P?1% and 496), and a major impact on the ecological [109]. Some 
reports state that around 19-25 billion tons of solid MW are generated yearly across the globe, with 5-8 Pbillion tons of MT [110,111]. 
Additionally, the expansion of the mining region necessitates the development of infrastructures to encourage extracting operations. 
Accordingly, MT become a useful source for its utilization of sustainable construction materials like GPs. Every two years, the number 
of publications increases by two times [3,112], as well as a new resource of production of metal that permits for the resolution of both 
the economic and ecological Pissues associated with MT disposal [113]. 

Following is a summary of the key production and economic considerations that should be taken Pinto account when utilizing MT- 
GPC, as seen in Fig. 1. The production of MT-GPC is economically viable if the transporting costs incurred by customers of MW are kept 
to a minimum. Substantial consideration should be Pgiven to the geographic closeness of the mining operation to the expected cus- 
tomers of MT as well as the regions of consumption of final GP products in this respect. These features phelp to lower the capital and 
operational expenditures (by about 44%) associated with the development of MT, as well as the negative impact on the ecological. 

MT-GPC are economically efficient as compared to other substances because it rlessened the amount of expenditures experienced 
by consumers of MW for transportation. ? The closeness of the mining firm to the targeted customers as well as the locations where 
finished PGP products will be consumed are critical considerations for the mining enterprise. These aspects help to lower the initial 
and operational expenses associated with the development of " MT.? 


3. Environmental consequences and waste disposal 


The disposal of MT is one of the most substantial causes of ecological damage caused by the mining industry. This is not unex- 
pected given the fact that the amount of mine Ptailings that must be kept often surpasses the amount of ore that can be extracted in situ. 
Over rthe past century, the amount of MT has expanded considerably as a result of the ?growing demand for metals and minerals, in 
addition to the adoption of better mining and f processing processes to utilize low-grade minerals and extract more value from them. A 
recent report published by the Chinese Academy of Land and Resources Economics estimates that China's mining tailings pile stock 
was around 21 billion tons at the end of 2018. If MW is not properly disposed of, it may lead to serious ecological consequences like 
acid mine drainage, dust f mobilization, heavy metal buildup in biological communities, and soil contamination as shown in Fig. 2. 

As a result of this ecological load, it is essential to dispose of MT in a fair manner f? as shown in Fig. 3. A substantial portion of the 


Fig. 2. MT environmental impacts [116]. 
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past research has Pconcentrated on recycling main tailings as a backfill cement paste [60]. Surface PMT are often combined with a 
binder in a small backfill factory before being transferred fto subterranean stopes through gravity and/or pumping [114]. The amount 
of fr mining tailings that must be kept in tailings ponds is lessened as a result of this method P?[115]. It is possible to alleviate the 
difficulties connected with MT, such fas dust production, landslides, surface water contamination, and the occupancy of farmed land 
by MT. Furthermore, valuable components may be retrieved from MT that were previously dumped; for instance, silver- and lithium- 
comprising minerals can be collected from gold and micaceous tailings, respectively. Many forms of MT have potential for recycling 
and re-use, fincluding Mn-rich tailings, which can be utilized to manufacture building materials, ceramics, glass, and coatings; 
clay-rich tailings, which can be utilized to manufacture bricks, sanitary wares, porcelain, and cements; iron ore ftailings mixed with 
supplementary materials, like fly ash (FA) and sewage; bauxite-comprising tailings, which can be utilized as Al resources. These 
disposal techniques assist mining businesses in cleaning up existing MT and converting them into something of value for the 
company. But any recycling or re-use of MT needs a realistic evaluation of the pollutants that they may release; consequently, 
complete knowledge of the Pp geochemical, mineralogical, and bulk physical characteristics of MT is required before they can be safely 
disposed of in the environment. p. 


4. Physical and chemical properties of MT 


In the mining industry, MT are a fine-grained blend of ground-up stone particles pand processing effluents, which are produced as a 
byproduct of the mining of precious minerals and metals from mined ore [63,76,117—123]. During the process of ore beneficiation, 
more than half of the overall ore bulk is converted into tailings.f 

The constancy of the MT might vary greatly relying on the technique of beneficiation pand storage utilized — from a slurry state to a 
thickened paste state and finally to a dry state, prelying on the method of storage and beneficiation utilized. The content of solids of 
each of these ? types can range from 1596 to 86% or more, relying on the types as shown in Table 1. GPs fare often prepared from 
dehydrated tailings, which may be obtained either by dry preparation procedures or by simply drying the MT paste or slurry, followed 
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< 
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Fig. 3. Techniques for turning MT into value [116]. 
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by grind [91,123,124].? 

MT utilized in GPs are primarily composed of a combination of mineral particles of varying sizes — ranging from silt and clay 
fractions to heavy sandy fractions — with varying P degrees of agglomeration. In addition to grinding processes and mineral processing 
technologies, the particle-size distribution of tailings is influenced by the hardness of the minerals included in the Pstones, as 
demonstrated by Sternal, Junttila, Skirbekk, Forwick, Carroll and Pedersen [125], Duan, Yan, Zhou and Ren [126], and Cao, Wang, Yin 
and Wei [127]. In general, the particle form of most tailings is non-rounded, angular, and Pirregular, which is the consequence of 
crushing and grinding throughout the ore processing process. The specific surface area of MT, which ranges between 0.5 and 7.3 m?/g 
and fis impacted by the distribution and particle shape, is measured. 

The bulk density of MT in the bulk state ranges from 1.81 to 1.93 t/m?, with the average value being 1.81 t/m?. These values rise 
in proportion to the depth of the MT or dumps in Pquestion [117,128,129]. It has been demonstrated that the density of tailings 
changes rrelying on the type of mineral raw sources utilized [130]. Because pits pH differs from that of the parent mineral, MT can fall 
into either the acidic or basic ranges. 

The MT employed in the manufacture of GPs, as seen in Tables 2, 3, exhibits a high degree of inhomogeneity in its characteristics. 
Because of the characteristic of the ore, the form of process p fluids (surfactants and other reagents) utilized in the beneficiation process, 
the degree of mining rof a target substance, and physical and chemical transformations that occur during the storage of MT, the 
chemical composition of tailings are varying. 

As shown in Table 2 and Fig. 4, it was observed that the dominant compounds in MT in all instances fare: Al203, SiOz, Fe203, CaO, 
MgO, Na?0, and PK20. Besides, MT may contain up to 21% of contaminants in the form of salts, organic compounds, or both. 

The chemical composition of MT is marked by having a broad range of values of some components even within the same mine as 
shown in Table 2. It is most likely that the observed Pvariation pin chemical and mineral composition is attributable to the inherent 
inhomogeneity of the Phost stone that houses the ore deposit. This should also be taken into pPconsideration while putting together 
the GP's final composition.’ 


5. Mechanical properties of MT-GPs 
5.1. MT as aggregates for GP 


MT, a waste comprising finely distributed silica, might be regarded aggregates rof GP and AA materials because of its high silica 
content. MT recycling, in conjunction with the diminution of the ecological burden from MW, is intended to lower the cost of GP 
concrete while also protecting natural mineral sources. p. 

Barrie, Cappuyns, Vassilieva, Adriaens, Hollanders, Garcés, Paredes, Pontikes, Elsen and Machiels [159] utilized gold mining 
tailings as fine aggregates to substitute cement standard sand in a GP based on volcanic and halloysite glass. It has been established 
that the Pincorporating of 12.7% MT to the GP has no impact on the mechanical characteristics of pthe material. When geo- 
polymerisation was completed, the resultant specimens exhibited good rimmobilization of Zn and Pb, but Cu showed enhanced 
mobility as a result of the high pH present during the process. 

A GP mortar made of metakaolin (MK) and quartz was developed by Putilizing iron MT to substitute natural quartz material. As was 
seen in the previous investigation, the introduction of MT had no substantial impact on the mechanical characteristics of the GPs. In 
contrast to the reference specimens (with quartz aggregate), the specimens comprising MT were recognized by increased porosity and 
water absorption than the reference specimens. This might have a detrimental impact on the material's durability. A similar 
investigation was performed by Sharath, Shivaprasad, Athikkal and Das [137] for fly ash-based geopolymer composite (FA-GPC), and 
Pthe results were promising. As seen in this instance, the incorporating of iron MT resulted in ? a lowering in the setting time and a rise 
in the density of the matrix. The greatest P compressive strength of GP specimens including MT was 8.3 MPa, while the maximum 
Pcompressive strength of reference specimens comprising natural sand was 4.9 MPa. For instance, PPaiva, Yliniemi, Illikainen, Rocha 
and Ferreira [139] employed high-sulfidic MT as a fine aggregate of metakaolin-based geopolymer composite (MK-GPC) or blast 
furnace slag-based geopolymer composite (BFS-GPC) to create a fine aggregate of GPs. A stronger compressive strength (>20 MPa) 
and a more rapid reactive nature were observed in MK-based f geopolymers compared to BFS-based geopolymers. Furthermore, when 


Table 1 
Overview of the physical and chemical properties of MT that have been reported in the literature [90,110,117, 
121,131-139]. 


Characteristic type Value 
Specific gravity (g/cm3) 2.60-2.95 
Density (t/m?) 1.80-1.95 
Solids bulk content (96) Thickened tailings 46-75 
Tailing's slurry 15-36 
Dehydrated tailings « 84 
Paste tailings 72-86 
Surface Area (m?/g) 0.50-7.20 
Porosity (96) 35-45 
pH 2.60-2.95 
Particle-size distribution (um) 1-2000 


Table 2 
The chemical compositions of various MT that are utilized to production GPs.?. 
& [s 3 $ $ S & S Q S $ S $ S $ 2 2 S S E 8 § $ 
3 E 3 $ 2 Š 3 3 d $ S Rm 2 = 2 & Šš Š E & S à E 
Copper China 28.20 57.83 4.25 1.91 1.15 0.52 0.80 - - - - 0.32 - - - - - - - - 141] 
China 58.5 10.8 13.3 5.4 159 2.8 4.0 = = = = = 0.6 = = = = = = - 133] 
USA 55.8 3.07 14.11 2.27 1.77 3.02 3.88 0.19 = = 2.26 0.50 = = 0.067 = = = = = 142] 
USA 64.8 4.33 7.08 7.52 4.06 0.9 3.26 = = x = - 1.66 = = = = = = - 79] 
Africa 65.48 8.07 12.08 5.91 2.85 1.23 0.55 0.12 = 0.04 = 0.88 = = 0.07 0.09 = = 3.52 0.07 143] 
Gold Africa 74.6 7.03 6.98 0.54 5.16 0.28 1.26 0.09 = 0.03 = 0.45 3.05 0.03 0.06 0.02 0.08 0.03 = 0.42 144] 
Africa 63.8 16.2 5.5 3.2 4.3 1.2 0.6 0.1 = 0.01 = 0.3 = = 0.1 < 0.01 = = 4.8 0.13 143] 
Turkey 89.22 0.84 6.2 - 0.29 = 1.24 = = = = = 0.09 = = = = = = = 91] 
Finland 49.9 9.2 10.4 11.8 6.8 - 1.2 = = = = 1.2 = = = = = = 13.6 = 145] 
Iron Brazil 40.0 48.9 8.7 - - -= - -= - - - - - - - - - - 6.0 1.8 124] 
China 34.72 12.32 16.22 7.64 8.92 0.55 1.52 = - - - 0.30 - - 0.13 - - - 13.18 - 121] 
Australia 57.30 25.12 9.57 0.03 0.07 0.05 0.04 = - - - 0.61 0.16 - = = = = 6.67 = 132] 
Phosphate Finland 32.98 7.98 7.08 12.92 17.28 = 5.53 0.96 = = = 0.27 = = 0.12 = = = 14.01 0.88 146] 
Morocco 23.5 1.53 3.55 31.12 4.16 0.54 0.46 14.1 = = = = = = = = = = 19.3 = 93] 
Morocco 22.8 0.85 2.5 34.3 4.1 0.9 0.4 14.0 = = = = = = = = - - 19 = 147] 
Vanadium China 83.47 2.42 5.09 0.96 0.65 3.25 0.66 = 0.23 = = = = - - - - = 1.25 = 148] 
China 61.92 4.13 7.35 6.52 1.24 2.68 1.25 = = 0.42 = 0.46 7.15 = = = = = 6.93 = 134] 
China 64.17 4.99 10.27 4.48 = 5.27 2.07 = = 0.14 - = = = - - - - 1.15 - 149] 
Kaolinite Finland 72.55 1.90 16.44 0.05 0.83 0.08 3.06 -= - - - - - - - - - - 4.42 0.74 150] 
Lead-zinc China 62.09 2.73 4.35 20.45 0.56 = 0.55 = = = = 0.20 3.63 = = = = = - - 60] 
Garnet China 44.28 13.82 5.57 30.26 0.81 0.23 0.13 - - - - - - - - - - - - - 151] 
Lithium Finland 78.45 0.51 12.56 0.30 0.15 4.44 2.81 - - - - - - - - - - -= 0.20 0.58 150] 
Bauxite China 32.25 8.66 37.39 3.16 0.85 0.86 = = = - - 2.31 = = = = = = 13.74 = 118] 
Hematite USA 68.77 28.13 0.87 0.28 0.74 0.03 0.04 = - - - 0.05 - = = 0.001 0.02 = = 0.07 152] 
Quartz China 97.48 0.30 1.11 0.17 0.22 0.04 0.02 - - - - - - - - - - -= - - 153] 
Sphalerite China 6.22 0.18 2.06 33.65 9.94 0.32 0.24 0.27 = = = 0.09 1.43 1.75 = = 0.31 0.15 43.65 = 154] 
Tungsten Portugal 47.85 9.97 21.07 0.85 1.01 1.32 4.12 = = = = 0.66 8.73 = = = = = - = 155] 
Zinc China 38.4 11.8 12.65 29.8 - - 1.65 0.84 - - - 0.59 0.52 2.96 0.62 0.21 - 0.23 - 0.12 154] 
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Table 3 
The mineralogical composition of various MT utilized in the production of GPs.?. 

Tailing Country Mineralogical components (%) Refs 

types 

Copper South Chlorite (13.2), calcite (1.65), hematite (1.14), epidote (22.7), muscovite (4.7), hornblende (3.25), quartz (49.55), 143] 
Africa plagioclase (7.60) 
USA Not reported 156] 
China Not reported 133] 
China Not reported 157] 

Gold South Chlorite (2.95), anthophyllite (6.0), jarosite (7.70), hornblende (14.10), plagioclase (13.25), magnetite (3.65), sepiolite 143] 
Africa (9.35), quartz (42.95) 
Finland Not reported 143] 
South Not reported 144] 
Africa 

Phosphate Morocco Quartz (12.5), fluorapatite (34.1), calcite (11.16), dolomite (9.46), kaolinite (9.45), hematite (1.5), plagioclase (21.2) 93] 
Morocco Quartz (18), fluorapatite (45), calcite (16), dolomite (72) 76] 
Finland Calcite (15), dolomite (5.95), feldspar (1.5), phlogopite (64), albite (0.98), actinolite (1.0) 150] 
Finland Calcite (13), dolomite (7), tremolite (1.5), phlogopite (65) 146] 

Iron China Not reported 158] 
Brazil Not reported 124] 

Kaolinite Finland Quartz (28), kaolinite (20.5), muscovite (43), 150] 

Sphalerite China Dolomite (45.70), quartz (3.70), kaolinite (5.20), calcite (35.25) 154] 

Garnet China Not reported 151] 

Lithium Finland Albite (38), quartz (37), microcline (15.8), muscovite (6.5), plagioclase (1.3), spodumene (2.7) 150] 

Vanadium China Not reported 134] 

Tungsten Portugal Not reported 155] 

Bauxite China Not reported 118] 
Mine tailing ui d ds Reference 
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Fig. 4. Ternary phase diagram of the chemical composition of MT and each of cement, coal FA, and sand [140]. 


evaluated Punder extremely harsh circumstances (pH 4 and 7 for 40-d), the compositions comprising a phigh concentration of MT 
(50-62 wt% of precursor) displayed substantial chemical Presistance. Table 4 presents a summary of the impacts of employing tailings 
as aggregates in 'GP mixes. 
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Table 4 
Summary of the impacts of employing tailings as aggregates in PGP mixes. 
MT Types GP precursors MT in GP MT replacement (wt MT Impacts Refs 
blends %) of precursor 
Copper, BFS-GPC & MK-GPC As admixture 50-65 Enhancing chemical resistance; altering the rheological 139] 
zine characteristics 
Iron FA-GPC As admixture 10-35 Improved setting time and workability; increased compressive 158] 


strength and heat resistance; dropped porosity and 
microcracking’s 


FA-GPC As fine 33.5 Lesesne the time required for setting; improve the compressive 137] 
aggregates strength and density 
MK-GPC As fine 50 or 100 There is no impact on the mechanical characteristics; 160] 
aggregates nevertheless, the porosity and water absorption are increased 
Gold Volcanic glass-GPC & As fine 12.50 There is no detrimental impact on the mechanical characteristics 159] 
calcined Halloysite-GPC aggregates 
Quartz MK-GPC As admixture 10-32 Increase in viscosity; lowering in flowability and shrinkage 153] 


during drying; no adverse impact on mechanical characteristics 


5.2. MT as precursors for GP 


A variety of chemical characteristics distinguish the minerals that make up the makeup of mine Ptailings, including their interaction 
with alkalis. The alumino-silicate? framework of the GP is f determined by the interaction of the mineral ingredients of the precursor in 
an AA sol, as well as the structure and characteristics of the GP itself. In general, the alkaline interaction of MT is low, and this is the 
most substantial factor to consider when incorporating MT into P GPs.f 

MT have a high silica content as shown in Table 2, which raises the molar proportion SiO2/Al203 in ? MT-GPC, which has a 
detrimental impact on the geopolymerisation process. For this reason, MK is the most often utilized as a supplementary source of Al in 
the chemical rindustry [58,93,161—166] because of the uniformity and purity of its "composition, as well as its high interaction [93]. 
Falayi [144] has indicated that FA and p blast furnace slag (BFS) are employed a bit less frequently than pother substances. It has been 
reported that volcanic glass and waste glass have been utilized, ras well as aluminium oxide and aluminium sludge, calcined halloysite, 
and low-calcium slag [90,167]. Fig. 5 presents the resource of GP precursors utilized with MT to the production of MT-GPC. 

MT-GPC exhibit a wide range of strength and deformation fcharacteristics, which are governed by a variety of parameters, 
comprising the Si/Al proportion, particle-size, kinds of AAs, AA/binder proportions, and curing method. It is crucial to note that the 
increased interaction of MT in geopolymerisation has an impact on the mechanical Pcharacteristics of GPs, which is a useful 
consideration in the utilization of MT in rgeopolymerisation. Because of the poor interaction of MT, extra pre-treatment processes Pare 
required. Pre-treatment of MT, like mechanical activation, calcination, and alkali melting, has also been shown to have a favorable 
impact on its interaction and the subsequent PGP, owing to the microstructural and mineralogical alterations that occur during these 


m Mine tailing (MT) 
= MT + MK 

= Mt + FA 

= MT + BSF 


= MT + others 


Fig. 5. Source of GP precursors utilized with MT to the production of MT-GPC [55]. 
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Pprocesses. Mechanical activation is often performed in mills, like planetary mills, roller mills, ball mills, jet mills, and agitation mills, 
among other forms of equipment [168-175]. In addition, mechanical activation has the potential to considerably alter both the 
chemical and physical characteristics of MT; these impacts raise the concentration of alumino-silicatep Pin alkaline sol, which in turn 
promotes the geopolymerisation reaction. Thermal Ppre-treatment can be utilized in place of mechanical activation in some cases. Its 
formation in heating praw substances to a specific temperature and causing modifications in structural, the results of which pare 
dependent on a number of characteristics like the heating rate, holding temperature and Pduration, the environment, and the rate at 
which the raw substances cool [176]. ? Mineral changes occur as a consequence of the thermal pre-treatment; in some cases, the high 


Table 5 
Compressive strength for various MT-GPC.p. 
MT types GP precursors Content of precursors, Alkaline Curing Tem Compressive Strength (MPa) Refs 
(wt%) activators (oC) (Age, d) 
Bauxite Slag 30 SS & SH 20 34 (3 d) [118] 
30 SS & SH 20 52 (28 d) 
30 SS & SH 20 68 (912 d) 
30 SS & SH 20 74 (1460 d) 
30 SS & SH 20 75 (2190 d) 
BFS 30 SS & SH 1-20 8-25 (1 d) [186] 
30 SS & SH 1-20 17-45 (3 d) 
30 SS & SH 1-20 23-58 (28 d) 
30 SS & SH 1-20 42-72 (60 d) 
30 SS & SH 1-20 62-76 (90 d) 
Copper Low-Ca slag 0-50 SS & SH 45-75 13-23.5 (7 d) 142] 
- - SH 35 0.3-5.3 (7 d) 156] 
Aluminium sludge 0-20 SH 95 11-45 (7 d) 167] 
Low-Ca flash-furnace copper 0-100 SH 65-105 1-76 (7 d) 189] 
smelter slag 
- - n.m. n.m. 3-33.6 (7 d) 180, 
188] 
FA 0-100 SH 60 3-7 (2 d) 190] 
0-100 SH 60 4-8.9 (7 d) 
0-100 SH 60 4-8.1 (14 d) 
0-100 SH 60 4-8.5 (28 d) 
Copper/ MK 50, 62 SS & SH 20-50 14-32 (28 d) 139] 
zinc BFS 0, 50, 62 SS & SH 20-50 14-15.4 (28 d) 
Garnet MK 0-100 SS & SH 20-50 1-45 (3d 151 
Gold FA 0-50 - - 1-12 (3d 181] 
Basic oxygen furnace slag 0-50 - - 1-22 (3d 
BFS 10, 25 SS, SH & CH Ambient 6-19 (28 d) 139, 
191] 
Iron - - SH 100 18-112.8 (7 d) 124] 
Glass wool residue 10-30 SH 100 19-41.9 (7 d) 
FA 70, 80, 90, 100 n.m. n.m. 42-49 (28 d) 126, 
192] 
- - SS 80 1-34 (3d 12] 
- SS 80 50.5 (7 d) 
Kaolinite - - - 40 & Ambient 12-15 (7 d) 150] 
Phosphate MK 30, 40 SS & SH 60 & Ambient 24-39.94 (28 d) 93] 
= - 474 3] 
- - 40 & Ambient 4-7 (7 d) 150] 
MK 50, 100 SS & SH 60, 85 & 12.8-53 (14 d) 76,93] 
Ambient 
FA 50, 100 SS & SH 60, 85 & 13.3-62 (14 d) 
Ambient 
Quartz MK 700, 80, 90 KH & KS 20 12.8-15 (1 d) 153] 
70, 80, 90 KH & KS 20 16-18.5 (7 d) 
70, 80, 90 KH & KS 20 17-20 (28 d) 
Sphalerite MK 0, 10, 20,30, 40, 50 SS 60 & Ambient 2-315 (7 d) 154] 
Tungsten WG 0, 20, 30, 40 SS & SH 20-80 & 20 0.6-29 (1 d) 193] 
0, 20, 30, 40 SS & SH 20-80 & 20 0.6-32 (3 d) 
0, 20, 30, 40 SS & SH 20-80 & 20 0.6-34.5 (7 d) 
0, 20, 30, 40 SS & SH 20-80 & 20 2.6-39.6 (28 d) 
Vanadium MK 30 SH Ambient 2.6-29 (7 d) 148] 
N.M. SS Ambient 8.6-22.5 (7 d) 134] 
N.M. SS Ambient 8.6-25 (14 d) 
0, 10, 20, 30, 40 SH 20 & Ambient 10.8-55.6 (7 d) 194] 
Zinc MK 0, 10, 20, 30, 40, 50 SS 60 & Ambient 1.2-30.2 (7 d) 185] 


Where: 
Blast furnace Pslag ? (BFS); Fly ash (FA); Metakaolin (MK); Waste glass (WG); not mention (n.m); sodium silicate (SS); sodium hydroxide (SH); calcium 
hydroxide (CH); potassium silicate (KS); potassium hydroxide (KH). 
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temperature might surpass the breakdown temperature of the minerals being treated. The removal of diaspore pand kaolinite was 
observed by Ye, Zhang and Shi [118] after calcining bauxite tailings at 800 °C for 1 h, which increased the interaction of the MT during 
geopolymerisation.? As shown in Fig. 6, after thermal treatment at almost 600 °C, Kiventera, Sreenivasan, Cheeseman, Kinnunen and 
Illikainen [145] noted a decrease in the dolomite peak shown by gold tailings. When heated over 400 °C, basanite transformed into 
anhydride. On the other hand, the quartz amount remained stable until 650 °C, when it declined slightly. p. 

As shown in Tables 5 and 6, there are a variety of parameters that impact the mechanical characteristics, compressive strength, 
and flexural strength of various forms of MT that pare employed as a GP source. They are frequently combined with other alumina- 
silicate source substances, like FA, BFS, MK, and so on, for making GPs. According to the results of these tables, the compressive 
and flexural strengths of pall MT-GPC varied considerably, primarily as a result of the utilization of various forms pof MT, various forms 
of additional alumina-silicate resource substances, utilization of various forms of PAAs, a diverse array of AA/binder proportions, 
temperature, curing duration, pand humidity. 

The curing temperature (CT) of MT-GPC has a substantial impact on the mechanical and microstructure characteristics and of the 
polymers. Tian, Xu, Song, Rao and Xia [157] studied the pimpact of CT on the characteristics of copper tailing-based geopolymers. 
When rthe CT was somewhat enhanced (22-80 °C), homogeneous dissolution of Palumino-silicate? and the development of N-A-S-H 
and C-S-H gels were encouraged, resulting țin a beneficial impact on compressive strength. A rise in the CT over 80 P??C, on the other 
hand, had the opposite impact. The high CTs P? (between 100 and 125 °C) resulted in a lowering in the amount of alkaline medium 
Ppresent, which prevented the dissolution of silica and alumina types. PP. 

The compressive and flexural strengths of GP produced from copper mine tailings (CMT) as resource material pand activated with 
a variety of AAs were investigated by a number of researchers. In Pits investigation, Falah, Obenaus-Emler, Kinnunen and Illikainen 
[177] found that rising the amount of sodium silicate utilized, as well as pthe curing period and CT, improved the compressive strength 
of CMT-GPC. The CMT-GPC, which had been activated by sodium silicate sol, was baked at a moderate temperature in an oven. They 
also discovered that the flexural strength of PCMT-GPC improved in a manner similar to that found in the relates of compressive 
Pstrength. Similarly, in the relates of CMT-GPCs activated by hydroxide of sodium, fthe improvement in compressive strength with a 
raise in molarity of sodium hydroxide has been observed in the works of [79,142]. 

The compressive strength of a CMT-GPC activated by sodium hydroxide improved with a? boost in forming pressure throughout 
moulding in the investigation of Ahmari and Zhang [178], but only up to a water fcontent of 12% at the outset, and then the 
compressive strength dropped with a rise pin forming pressure as shown in Fig. 7 once the water content was exceeded. They also 
discovered that after pbeing submerged in water, compressive strength dropped considerably. Additionally, Manjarrez and Zhang 
[156] demonstrated that a lowering in moisture content below 14% resulted in an rimprovement in the compressive strength of 
CMT-GPC triggered by sodium hydroxide. The raise fin CT up to 90 p°C also resulted in an improvement in the compressive strength of 
a CMT-GPC activated by sulfur dioxide [178].f 

The compressive strength of CMT-GPC is improved when extra alumina-silicate source materials are added [142]. In addition, a 
rise in copper slag concentrations, a raise in ? sodium silicate/sodium hydroxide proportions up to 1.0, and a raise in the molarity of 
sodium hydroxide sol up to 10 molarity all lead to an improvement in the compressive strength of CMT-copper slag blended geo- 
polymer [179,180].f 

Iron MT (IMT)-GPC is created in a similar manner to CMT-GPC, with or without the incorporating of alumina-silicate source 
substances. In one investigation, the compressive strength fof an IMT-GPC activated by sodium silicate was improved with a raise in CT 
up to 80 p°C and a raise in curing period up to 7-d, after which pthe compressive strength declined [132].p 

The GP made from gold MT (GMT) and various AAs as well as extra alumina-silicate components has been the subject of a few 
investigations in which Presearchers have given close attention. GMT-GPC was synthesized by Falayi [181] futilizing potassium 
aluminate, potassium silicate, and potassium hydroxide factivators. The maximum compressive strength of GMT-GPC was discovered 
at af potassium silicate/potassium hydroxide proportion of 1.1, according to its findings. According to its findings, rising the CT from 
65 to 100 p°C enhanced the compressive strength of potassium aluminate and potassium hydroxide-activated GMT-GPC. The 


Table 6 
Flexure strength for several MT-GPC.?. 
MT type GP precursors Content of precursors, (wt%) Alkaline activators Curing Tem (oC) Flexure f strength (Mpa), (Age-Days) Refs 
Bauxite Slag 30 SS & SH 20 5.3 (3 d) [118] 
30 SS & SH 20 8 (28 d) 
30 SS & SH 20 9.85 (912 d) 
30 SS & SH 20 10 (1460 d) 
30 SS & SH 20 10.3 (2190 d) 
BFS 30 SS & SH 1-20 3.3-4.7 (1 d) [186] 
30 SS & SH 1-20 4.0-6.6 (3 d) 
30 SS & SH 1-20 5.5-7.6 (28 d) 
30 SS & SH 1-20 6.2-10.9 (60 d) 
30 SS & SH 1-20 6.8-10.4 (90 d) 
Iron - - SH 100 4.9-21.4 (7 d) [124] 
Glass wool residue 10-30 SH 100 2.05-4.7 (7 d) 
Quartz MK 70, 80, 90 KH & KS 20 1.7-2.1 (1 d) [153] 
70, 80, 90 KH & KS 20 2.0-2.5 (7 d) 
70, 80, 90 KH & KS 20 2.0-2.5 (28 d) 
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Fig. 7. Unconfined compressive strength (UCS) versus forming pressure for samples produced at varying water contents including 15 Molarity 
NaOH dosage and cured at 90 °C for 7-d [188]. 


researchers also discovered that the compressive strength of GP activated by potassium aluminate and potassium hydroxide activators 
is more than P that of GP pactivated by potassium silicate and potassium hydroxide activators, even when the CT is raised to up to 100 
prec. 

According to an investigation conducted by P?Pardavé, Epalza, Durán and Lovera [182], an enhancement in compressive strength 
of "GMT and alumina/kaolin mixed GP was seen when the curing period was raised. In addition, the investigation by Kiventera, 
Yliniemi, Golek, Deja, Ferreira and Illikainen [183] found that rising the slag concentrations fand molarities of sodium hydroxide sol 
resulted in an improvement in the compressive strength of GMT-?slag/metakaolin blended GP as shown in Fig. 8 [183].f 

The investigators Solismaa, Ismailov, Karhu, Sreenivasan, Lehtonen, Kinnunen, Illikainen and Raisanen [184] also discovered that 
the incorporating of 25% MK r'enhanced the compressive strength of MT-GPC produced with a sodium hydroxide activator. f They also 
found a considerable improvement in compressive strength with a raise in CT up to 65 P?C, with a considerable lowering in compressive 
strength at 85 P??C, as previously reported. Concerning the compressive and flexural strengths of PGP, no set optimal quartz MT (QMT) 
quantity has been seen for any of the curing times tested. The drying shrinkage and porosity of GP are both lessened when the QMT 
content is 30 ?96 or higher, however. In contrast to other MT-GPC, the compressive strength of zinc tailings and MK-GPC improves 
with a raise in the amount of PMT present [154,185]. Wei, Zhang and Bao [134], Jiao, Zhang and Chen [149] both published in- 
vestigations on vanadium MT-geopolymer including FA and MK, respectively, as additional raw materials of alumina-silicate in 
addition to vanadium MT. 

Ye, Zhang and Shi [186] discovered an enhancement in compressive strength and flexural strength advance with an raddition in 
time at low-CT in an unknown MT-GPC comprising 3096 slag in an undisclosed MT-GPC. This demonstrates that the compressive and 
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Fig. 8. Unconfined compressive strength (UCS) fof bricks with varying GGBFS- and NaOH- content after 28-d [183]. 
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flexural strengths of concrete cured at low temperatures are lesser than those of concrete cured at a typical temperature of 22 P?C. One 
possibility for the poor compressive and flexural strengths of such GP might be because of the sluggish GP reaction foccurring at such 
low temperatures. p. 

By incorporating reinforcing fibers into MT-GPC, it is possible to improve its mechanical characteristics. By examining the 
specimen of GP matrix made from non-heat-Ptreated phosphate MT, Haddaji, Majdoubi, Mansouri, Tamraoui, Manoun, Oumam and 
Hannache [187] demonstrated that the incorporating of synthetic fibers P? (glass and polypropylene) promotes more energy absorption 
and ductile failure as a result of the f stress redistribution and the fiber's bridging impact. 1% synthetic fibers produced the best 
pmechanical qualities, according to the research. When flexural strength was improved relative to the original MT-GPC matrix, the 
percentage increase was 277% for polypropylene fibers and 27% for glass fibers, respectively. 


6. Durability properties 


Only a few research have examined the long-term durability of MT-GPC. With rthe help of Caballero, Sánchez and Ríos [195] the 
gold MT-geopolymer was subjected to sulfate and acid Psol as well as high temperatures. According to its findings, the rate of loss in 
Pcompressive strength with immersing time in sulfuric and nitric acid sol is fairly "comparable in GMT-GPCs when compared to a 
reference ? cementitious composite. Similar outcomes are found in magnesium and sodium sulfate sol, as well as "when the sol is 
subjected to high temperatures, as well. Ahmari and Zhang [178] P discovered that copper MT-GPC submerged for 120-d in aqueous sol 
with PpH values ranging between 4 and 7 had a substantial drop (by 58-7996 compared to reference specimens) in its plain 
compressive strength. The high initial Si/Al proportion and partial rgeopolymerisation of the MT, according to the scientists, were 
responsible for this result. "Water absorption and weight loss, on the other hand, were quite minor and had lower values in comparison 
to the OPC-based binding agent.? Another study by Ahmari and Zhang [79] shown that introducing cement kiln dust can improve 
durability and unconfined compressive strength. The beneficial impact of cement kiln dust was connected with improved 
alumino-silicate dissolving, production of calcium carbonate, and calcium incorporation into the geopolymer system. Falayi [181] 
demonstrated that activating with potassium aluminate results in a better resistance of GPs to alternate wetting-drying than potassium 
silicate. In all situations, the UCS values declined by more than threefold after ten wet and dry cycles, complicating the deployment of 
such composites in regions with a high cyclicity of wet and dry periods and necessitating the investigation for strategies to mitigate 
these detrimental impacts. 


Fig. 9. SEM image of GP brick samples made at 15 molarity NaOH, 1696 water content, and cured for 7-d at 90 C: (a) 096 CKD, (b) 596 CKD, (c) 1096 
CKD, and (d) 1096 CKD and after immersion in water for 7-d. (A and C indicate the binder stage, while B indicates the unreacted stage) [79]. 
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The utilization of tailings to substitute natural aggregates (gravel or sand) in GP concretes, either partially or completely, might 
lead to an upsurge in the water absorption and porosity of the latter [160]. In turn, this can make these substances more vulnerable to 
chemical assault, which pcan have a detrimental impact on their overall durability. Further investigation in this field is needed because 
of a lack of understanding about these and other characteristics of the durability of MT-GPC, which suggests a need for future research 
in this area. f. 


7. Microstructure properties 


The microstructure of geopolymerisation products; the content, structure, and proportion of the produced amorphous and crys- 
talline phases; as well as, the existence, distribution, and size of pores, are fall useful factors in determining the attributes of MT-GPC. p. 

Falah, Obenaus-Emler, Kinnunen and Illikainen [177] found out that rising the sodium silicate content of a CMT-GPC up to 3096 
densifies the microstructure of the material. It was also discovered that, at such a concentration of sodium silicate, almost the whole 
GP is changed into fused Prectangular prisms, which indicates a full transition to high alkaline conditions. P?Manjarrez, 
Nikvar-Hassani, Shadnia and Zhang [142] have found that when copper slag is introduced to its GP, the density of the GP increases as 
measured by SEM image analysis. Its pfindings that copper slag increased the width of the amorphous peak in the XRD of CMT-GPC, 
while the crystalline peak in the CMT stayed the same after geopolymerisation are consistent with the SEM findings. f. 

The XRD examination findings of its 28-day-cured GP also reveal a lowering in the pferocity of crystalline peaks, suggesting that the 
dissolution of the Al and Si components in the r'geopolymerisation process has progressed farther than previously thought. SEM 
pictures of ? CMT-GPC obtained in the work by Ren, Zhang, Ramey, Waterman and Ormsby [167] show that raised aluminium sludge 
levels lead to the development of more GP gels. In addition, they verified pthat there were no unreacted particles at an aluminium 
Psludge concentration of 21% in their experiment. According to Ahmari and Zhang [79] investigation, as shown in Fig. 9, the 
improved microstructure of CMT-GPC is because of the incorporating of cement kiln dust (CKD), which results in the formation of 
additional PGP gels, which is evident from a raised Si/Al proportion. 

Because of the incorporating of IMT to FA-GPC, Duan et al. demonstrated that the PGP became denser by producing more C-S-H 
[121,126]. They falso examined the microstructure of its GP after it had been exposed to high temperatures and found that it had 
suffered no substantial damage to its microstructure after seven heating cycles at 200 p°C. After exposure to 800 P°C, increased 
Pnumbers of pores and fractures were seen in FA-GPC that did not include IMT, rhowever, this was not the case in FA-GPC that had 
20% IMT after the same temperature. 


Fig. 10. SEM microanalysis of the GP specimen: (a) ambient temperature; (b) at 900 °C; and (c) at 1050 °C [149]. 
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8. Thermal properties 


As previously stated, GPs, in contrast to OPC binders, are Precognized by high thermal stability and the ability to retain strength 
even after being psubjected to high temperatures [196,197]. This is because of the unique characteristics of its structure, Pwhich is 
formed by branched A104 and SiO4 tetrahedral frameworks [196,197]. In addition to the technique of composition and curing of the 
AA, the kind of aggregate or alumino-silicate? precursor utilized in the production of GPs plays a main function in the ? advance of the 
thermal characteristics of GPs. It should be noted that, when tailings pare included in GPs, a careful investigation of the physical 
evolution and f performance of these substances under cyclic and constant temperature exposure is required in order to determine the 
probability of its application as thermal insulation and fire-resistant materials. P. 

Ye, Zhang and Shi [119] investigated the impact of raised temperatures on the characteristics of a GP made from bauxite tailings 
and slag. They discovered that the compressive strength of GP is somewhat boosted after exposure to 200 }°Cp?, but that it rapidly 
reductions after exposure to 600 ^C. However, the drop in compressive strength was substantial between 600 and 1000 P°C, sub- 
sequent to a little pgain in compressive strength at 1200 P°C. It was discovered that the production of ceramic phases, particularly 
anorthite (CaAl;(SiO4)2), was associated with the pimprovement in strength and that this was clarified by self-healing and densifi- 
cation caused by sintering. The noticed drop in compressive strength at temperatures reach 800 P°C is P because of the dissolution of 
the amorphous stage as well as an extra thermal mismatch between the contracting gels throughout the contracting process. Physical 
harm in the form of surface f cracking of samples also coincides well with the findings of the compression experiment, which show pthat 
no severe cracking can be visible on the sample reach to 400 P?C. However, the [ferocity of cracking increases with a rise in high 
temperature, starting at 600 ?Cf and progressing to severe cracking at 1200 P°C. The pores width of its PGP’s micro-pores is likewise 
broadened as the temperature of the GP is raised to phigher levels. p. 

According to Jiao, Zhang and Chen [149], the strength gain of MT-GPC when subjected to phigh temperatures has also been re- 
ported. As a result of sintering, the GPs produced by fthe AA of vanadium tailings with high silica content demonstrated an 
improvement in compressive strength at temperatures above 900 p?C. This was accompanying a flowering in the content of unreacted 
alumino-silicate? precursor particles and the development of a P denser microstructure by means of sintering as shown in Fig. 10. 
Heating to 1000 P°C, on the other hand, lead to a considerable lowering in bulk density and strength, as well as an increase in fracture 
and the porosity of GPs as shown in Fig. 11. The volume expansion and acute thermal fincompatibility were shown to be responsible 
for this phenomenon. f. 


9. Applications 


Utilizing MT as a commodity to make GP is a good idea for making it more widely utilized. A lot of articles have looked into how 
MT-GPC could be f utilized. GPs are a good nominee for recycling MW, making sustainable construction, and building materials, 
stabilizing substances and backfilling mine putty to keep toxic elements out. This method not only lessens the carbon footprint of OPC 
but also avoids the ecological damage resulting from the accumulation of MW. Table 7 shows the various ways MT can be utilized as 
source substances or aggregates for GP materials based on previous work.? 


10. Conclusions 
Key annotations for this paper review are as follows: 

1. GPs seem to be attractive options for recovering MWs and generating sustainable f building and construction materials, mine paste 
backfill, and stabilizing materials for hazardous element immobilization, according to the investigation. This strategy not only 


provides for a flowering in the carbon footprint associated with typical cementitious materials but also avoids the substantial 
ecological contamination produced by MW buildup. ? 


105 60 r 3.0 
----- Compressive strength i o 
à A ort 
= --e-- Bulk density | 50 a - 
x 100 4 sr 25 € 
p x 
pi al c 
© < o 
£ ® a 
T 95 4 or 2.0 =e 
E! Fi = 
i S: [ry 
g $/48 
c 904 31153. 
s < 
"Ut 
= 
85 + 1—10 - 1.0 


eee 
0 150 300 450 600 750 900 1050 
Temperature (°C) 


Fig. 11. Compressive strength, residual mass, and bulk density of the GP specimen at high temperatures [149]. 
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Table 7 
Various Applications of MT-GPC. 

MT types GP blend types Remarks Applications Refs. 

Copper FA-GPC Microstructures that are the same across the board Binder materials [157] 
CKD-GPC high compressive strength; high durability Bricks [79, 

178] 
- Stability in chemical terms 143] 
- High compressive strength 179, 
180] 

- High mechanical characteristics Road-construction materials 156] 
low- calcium slag- High mechanical characteristics 142] 
GPC 

Gold Al;03-GPC High adsorption capacity because of porous structure Pb2 4- adsorbent from aqueous sol 90,91] 
Al,03-GPC High adsorption capacity because of porous structure 

gold BFS-GPC & MK- High mechanical characteristics Lightweight aggregates 183] 
GPC 
FA-GPC Low water absorption and loose bulk density; large void 3] 

volume 

Iron FA-GPC compressive strength and Improved setting time Binder materials 137] 
FA-GPC Low porosity and microcracking; good thermal resistance 126] 
Glass wool residue- High compressive strength and flexural strength 124] 
GPC 
BFS-GPC & FA- High compressive and hardness strength; homogeneous Bricks 198] 
GPC structure 
FA-GPC High adsorption capability; porous structure Cu?* adsorbent from water 126] 
- Low electrical resistance; high compressive strength, low — Bricks 132] 

water absorption 
- High compressive strength Backfills for building foundations; road- 152] 
bed material, 

Phosphate - High compressive strength Binder materials 93] 
FA-GPC & MK-GPC density and Mechanical characteristics are both high 

Silica-rich FA-GPC Temperature stability across a wide range Fire-resistant materials [149] 

vanadium 
Sphalerite MK-GPC Toxic components have a high immobilization ability Pb?* immobilization 185] 


. Several aspects impact how well MT-GPC functions and the synergistic impact between some of them (like mineralogy, virtu- 
ousness, and element distribution) must f be addressed in order to reap the greatest possible advantage from employing MT. f 

. MT are often composed of a highly crystalline matrix, which results in minimal Pinteraction throughout geopolymerisation and, as a 
consequence, a product with low mechanical Pcharacterizes. Incorporating extra elements with increased interaction into MT-GPC 
may efficiently tune and enhance the characteristics of the GPs. Furthermore, since the majority of the additives utilized for this 
function are industrial by-products, Pits usage has the additional benefit of lessening the amount of waste produced. When 
Pcompared to low-Ca-comprising additions, high Ca-comprising elements have a higher favorable impact on the GP's overall 
strength and durability. This is induced by the production fof extra CSH gels, which strengthen the matrix as a result of its co- 
existence with NASH, which improves the matrix dense. 

. Supplementary materials, particularly those containing a high calcium content, tend to be more efficient at developing the resulting 
GP characteristics. 

. The minerals that form MT are identified by their varying chemical reactivity to alkali. The interactions of the precursors' metal 
components in alkaline conditions affect the structure and characteristics of GP's alumino-silicate framework. The alkaline reac- 
tivity of MT is often low, which is the most advantageous characteristic when MT is utilized in GPs. 

. Pre-treatment of MT can be utilized to boost its interaction, and it has been done feffectively. This can be accomplished by the 
utilization of mechanical, thermo-chemical, and thermal factivation techniques that increase the specific surface area of the MT 
components and Ptransform them into amorphous and soluble states. Among the most successful pre-treatment methods for 
industrial solid waste, mechanical activation is one of the most effective; for f instance, grinding may increase the possible 
interaction of cement-based materials. The energy needs for wet-grinding and dry-grinding are 1.65 kW, respectively, to get rid of 
the product itself. In light of the fact that mineral comminution accounts for approximately 4-5% of all global electricity con- 
sumption, this energy consumption is considerable. Furthermore, the impact of f mechanical pre-treatment on the compressive 
strength of the last GP is less clear compared to the impact of adding supplementary materials. 

. The increase in interaction after pre-treatment enables a high-rate of geopolymerisation at an p initial ? phase and higher me- 
chanical characteristics of the cured materials. In addition, the high silica concentration of MT raises the molar proportion of SiO2/ 
Al2O3 in MT-GPC, impairing the process of geopolymerisation. A sol to this difficulty can be found by rincluding additional 
precursors, like MK or scattered aluminium oxide, into the mix. As a result, a preliminary classification of tailings based on the 
characteristics of their mineralogical and chemical compositions is recommended. f 

. According to the results of the references study, dehydrated tailings are utilized for the manufacturing of GPs more frequently than 
other forms of tailings. Dehydrated tailings are created either by dry tailing operations or by basically drying the MT paste or 
slurry subsequently grinding. When employing MT-GPC, it is crucial to consider not only its *mineralogical, physical, and 
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chemical characteristics, but also the possibility of the presence of ? numerous pollutants, like processing liquids, heavy metals, and 
other contaminants in its Pcomposition. However, the concerns of movement of these pollutants under the impact of Pleaching and 
other processes, additionally to its impact on the attributes of final components derived pfrom MT-GPC, have received compara- 
tively little attention in the scientific literature. "Furthermore, natural radionuclides can be found in MT in amounts that exceed the 
radiological safety criteria, which should be considered while employing MT in P GPsp. f 

No classification strategy for MT is in place that is based on its interaction. Recent research findings, like employing the topological 
technique to assess glass interaction, can be rutilized to categorize and classify these materials, hence encouraging its usage in 
Pgeopolymerisation applications. 


11. Recommendations 


6. 


7. 


The following are the main recommendations for future investigations: 


Incorporating extra elements with increased interaction into MT-GPC may fefficiently tune and enhance the characteristics of the 
GPs. Therefore, further investigation is recommended in this regard. 

The high silica Pconcentration of MT raises the molar proportion of SiO2/A1203 in MT-GPC, Primpairing the process of geo- 
polymerisation. A sol to this difficulty can be found by Princluding additional precursors, like MK or scattered aluminium oxide, 
into the mix. Asa result, a preliminary classification of tailings based on the characteristics of their r?mineralogical and chemical 
compositions is recommended. ? 

When employing MT-GPC, it is crucial to consider not only its pPmineralogical, physical, and chemical characteristics, but also the 
possibility of the presence of p numerous pollutants, like processing liquids, heavy metals, and other contaminants in its 
Pcomposition. However, the concerns of movement of these pollutants *under the impact of Pleaching and other processes, 
additionally to its impact on the pattributes of final components derived ?from MT-GPC, have received comparatively little 
Pattention in the scientific literature. PFurthermore, natural radionuclides can be found in PMT in amounts that exceed the 
radiological safety criteria, which should be considered ?while employing MT in f GPsp. f 

P Because of the deficiencies in past decades’ preparation processes, MT accumulating in plandfills por tailing piles might contain 
considerable amounts of unrecoverable precious (metals, and as a result, pcan serve as a viable technogenic raw material for 
recycling. If the utilization of metal-comprising Ptailings is not supplemented by the mining of beneficial » components from them, 
it may be deemed economically unjustifiable. ? As a result, the concerns of neutralization of contaminants Ppresent in tailings and 
further mining of useful components from MT for its long-term pusage in GPs need to be addressed. ? 

P Because of the low interaction of native metal trichlorides, the presence of beneficial ** components ingrained in the minerals 
initially processed, and the risk of toxic Pcontamination by Pleaching components, utilizing tailings for GP preparation is 
Pprohibitively expensive and time-consuming from an economic and production fPstandpoint. Aspects like the geographic 
Pcloseness of the mining and processing enterprises pto the MT customers as well as the regions (where finished GP products are 
consumed Pshould be taken into consideration when conducting a feasibility study for its application rin GP composites. 

The interactions of the precursors’ metal components in alkaline conditions affect the structure and characteristics of GP's 
alumino-silicate framework. Therefore, further investigation is recommended in this regard. 

Pre-treatment of MT can be utilized to boost its interaction. Therefore, further investigation is recommended in this regard. 
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